Narrow band microwave radiation from a biased single-Cooper-pair transistor 
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We show that a single-Cooper-pair transistor (SCPT) electrometer emits narrow-band microwave 
radiation when biased in its sub-gap region. Photo activation of quasiparticle tunneling in a nearby 
SCPT is used to spectroscopically detect this radiation, in a configuration that closely mimics a 
qubit-electrometer integrated circuit. We identify emission lines due to Josephson radiation and 
radiative transport processes in the electrometer, and argue that a dissipative superconducting 
electrometer can severely disrupt the system it attempts to measure. 

PACS numbers: 85.25.Cp, 74.50.+r, 03.67.Lx, 85.60.Gz 



The implementation of a quantum computer in the 
solid state requires, aside from the quantum bit (qubit) 
itself, an integrated readout device. It must be fast 
and sensitive, and present the qubit with a minimal 
source of decoherence. In the Cooper-pair box qubit 
[3, Q, a natural choice for a readout device is the rf 
single-Cooper-pair transistor (SCPT) electrometer — an 
rf single-electron transistor (SET) operating in the super- 
conducting state [3j, U, |5[ . However, there has been grow- 
ing concern recently that the voltage-biased, and thus 
dissipative, operation of the superconducting rf-SET elec- 
trometer makes it less than ideal in measuring quantum 
circuits @, 0, [1] • Not only does the electrometer provide 
a dissipative environment that may relax and dephase 
the qubit, but the nontrivial backaction noise associated 
with the various transport mechanisms through the elec- 
trometer may also excite the qubit and even lead to a 
population inversion [^, fToj ] . Despite the availability of 
new dispersive readout schemes [III EH EH, the dissi- 
pative superconducting rf-SET is still widely used as an 
electrometer in quantum circuits [3, EH, E3| ■ There is a 
strong need, therefore, to experimentally determine how 
the dissipative superconducting electrometer affects the 
system it measures, and specifically, what are the com- 
ponents of the electrometer's emission spectrum. 

In this Letter, we report on our measurements of the 
emission spectrum of a biased SCPT. While narrow-band 
microwave radiation from a biased SCPT has been pre- 
viously observed using photon-assisted tunneling in a 
strongly coupled SIS junction detector [13], those mea- 
surements were done in a limited range of the electrom- 
eter's operating point near the Josephson-quasiparticle 
peak. We spectroscopically measured the radiation emit- 
ted from the electrometer as a function of its operating 
point over a wide range of voltage and charge bias con- 
ditions, throughout its sub-gap region. We detected this 
radiation by photon-assisted quasiparticle (QP) tunnel- 
ing in a nearby SCPT. 

Our experimental setup is shown in Fig. [TJa). The 
two SCPTs were co-fabricated by double-angle Al depo- 
sition, and were separated by ~ 6 fim. As in Ref. [a], 
the islands of the two devices are not coupled directly; 



their leads, however, provide stray coupling at microwave 
frequencies jl8| . In both devices the charging energy is 
Ec = e 2 /2C ~ 170 fieV (C is the total island capac- 
itance) and the normal state resistance is Rn^22 kO. 
We oxygen-doped one of the Al layers to increase its su- 
perconducting gap fl9| . Ai = 225 [ieV (20 nm thick), 
the other Al film was 40 nm thick with A2 = 190 fj,eV. 
In the device on the right of Fig. HJa), which we call 
the 'source', the island was formed from the film with 
Ai and the leads had the smaller gap, a configuration 
that reduces QP trapping on its island. Measurements 
of the switching current in this device as a function of 
gate charge, Qsrc, have shown clean 2e periodicity, as 
expected in the absence of QP trapping. This source de- 
vice is voltage-biased (~1 kf2 load-line impedance), and 
is shunted on chip by the ~2 pF stray capacitance of its 
leads. 

In the device on the left of Fig. [Ha) (the 'detector') 
the film with the lower gap A2 formed the island, and the 
leads had the higher gap Ai. In this configuration the 
SCPT island can trap QPs far more effectively. We used 
the QP trapping and untrapping rates, which are very 
sensitive to electromagnetic noise in the environment and 
can be photo activated, Fig. [ljb) , to detect the radiation 
emitted by the source. 

We configured the detector for rf reflectometry mea- 
surement of its charge-dependent Josephson inductance 
at zero dc bias 
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201 ] , and recorded the temporal varia- 
tion of the reflected power, P ro f, which indicates the pres- 
ence or absence of a single extra QP on the transistor's 
island, as shown in Fig. QJc) (details of the measurement 
appear in Ref. [20j]). The signal was sampled at 100 ns 
intervals, and the typical time record spans 300 ms. The 
signal shows telegraph switching between two levels, with 
the upper level corresponding to the presence of an extra 
QP on the detector's island (odd parity state), and the 
lower one corresponding to its absence (even parity). We 
operate on the measured telegra ph signal with a cumu- 
lative likelihood-ratio algorithm [FJ, |2l| to discriminate 
between the two signal levels and find the dwell times of 
the system in the two states. 

Figure [ljd) shows the detector's even state probability 
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FIG. 1: (color online), (a) A schematic of the experimen- 
tal setup. The detector SCPT is embedded in a resonator 
and measured by rf reflectometry. (b) A cartoon of photon- 
assisted QP tunneling in the detector, Qdct = e. (c) Reflected 
rf power P rcf vs. time at Q dot = e. / = 510 MHz, P in = 3.2 fW 
( — 115 dBm). (d) Detector even-state probability vs. source 
operating point at Qdot = e. Arrows indicate ridges with 
enhanced even-state probability. No change in P cvcn was ob- 
served for |Vsrc| < 100 fiV. 



Pevem as we biased the drain-source and gate voltages on 
the source device. For each point {<3 src , V^ rc } in the figure 
we recorded the statistics of QP tunneling in the detec- 
tor and determined P e ven from the fraction of time spent 
with no extra quasiparticles on its island. It is immedi- 
ately clear from the figure that P eV cn changes significantly 
in response to the source's operating point, and exhibits a 
surprisingly intricate structure. P e ven changes with V src 
both along horizontal lines, independently of Qsrc, and 
along sloped lines that are Q src -dependcnt. In addition, 
-Peven is observed to increase above its V STC = value 
(~ 12 %) [bright ridges, arrows in Fig.QJd)], a somewhat 
counter-intuitive result given that QP poisoning is gen- 
erally assumed to be enhanced in the presence of electro- 
magnetic noise 0. We observed similar behavior in all 
four pairs of devices that we measured. 

Since P G ven depends on both in and out QP tunnel- 
ing rates, 7i n and 7 ou t, it does not provide sufficient 
information to understand the source-detector interac- 
tions. However, having access to the QP tunneling dy- 
namics in the time domain allows us to separate P 0V en = 
7out/(7out+7in) into the constituent rates. Since we know 
the dwell times of the system in the even and odd states, 
we can histogram them to reveal the statistics of QP tun- 
neling events into and out of the island, Fig. [2ja). Using 
a procedure outlined in Ref. [22| . we determined the re- 
ceiver response times r° ut = 0.73 us and r* n = 0.62 fxs 
for the different transitions; using these numbers to ac- 
count for the finite measurement bandwidth, we extract 
the actual tunneling rates from the observed lifetime his- 



tograms [20j, |22j . The resulting tunneling rates are shown 
in Fig. [2] (b) and (c). Comparing Figs. [2] (b,c) and [1] 
(d) , we see that the observed increase in P C ven [arrows in 
Fig. [1] (d)] is due to enhancement of the QP untrapping 
rate 7 ou t rather than a suppression of y m . 

We first discuss the enhancement of the QP escape rate 
7 out that appears to dominate the detector's response 
below Ki rc ^200 /iV. Figure |2ff) shows the energy band 
diagram for the detector device. The even parity bands 
(green) correspond to the ground and first excited states 
of the transistor, and the odd parity bands (red), are 
offset by the energy Ai — A2 that is gained by a QP 
tunneling from the leads to the island [19(. We identify 
four possible transitions that, if excited, lead to enhanced 
QP escape rates. The processes labeled A and B in the 
figure directly transfer the extra QP from the island to 
the leads, leaving the SCPT in its ground and first excited 
state, respectively. Processes C and D do not directly 
change the parity of the SCPT; rather they excite the 
transistor to higher bands, from which the odd QP can 
escape spontaneously. The energy differences 5Ea-d for 
transitions A-D depend on the detector charge, so that 
at different Qdot the detector is sensitive to different sets 
of frequencies. 

What emission processes in the source SCPT drive 
these transitions? It is convenient to represent the 
voltage-biased source by the states \n,k), where n is 
the number of charges on the island, k is the num- 
ber of charges that have passed through the device, 
and the energy of the state In, k) is given by E n ^ = 



Ec(n - Q S rc/e) 2 - keV src [23j, |24|, as shown in Fig. |2{e). 



As Cooper-pairs are transported through the device un- 
der voltage bias, the system cascades down the energy 
ladder, emitting microwave radiation into the environ- 
ment; the linewidth of this radiation is set by voltage 
fluctuations across the device. The processes labeled J in 
the figure correspond to a transfer of a Cooper-pair (CP) 
across the whole device, producing the usual Josephson 
radiation Hu>j = 2eV src independently of Q SIC . Processes 
L,R transfer a single CP through a single junction, and 
process P+ (P-) transfers a CP across both junctions, 
simultaneously with the tunneling of an additional CP 
onto (off of) the island, emitting radiation at frequencies 
hujp ± = 3eV src — 4Ec[l ± (n — Qsrc/e)] . This radiative 
cascade in the source is analogous to that known from 
atomic physics [23|, [25| . 

Our model predicts that the source SCPT produces 
radiation everywhere in the {Q S rc, V STC } space; its spec- 
trum depends on the electrometer operating point, and 
contains the above frequencies. Our QP detector, how- 
ever, will show enhanced QP tunneling rates only at those 
{QsrcVsrc} points where the source's emission frequen- 
cies are resonant with the detector's QP transitions. The 
loci of these points, estimated from the parameters of the 
two devices, are overplotted as solid lines in Fig.^c), and 
in Fig. [UJd), which shows 7 out at Qdct = 0.9 e. Observe 
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FIG. 2: (color), (a) Lifetime histograms in the even (green) 
and odd (red) states, (b) 7i n and (c) 7 ou t vs. source operating 
point at Qdet = e. (d) 7 ou t at Q det = 0.9 e. (e) Radiative 
cascades in the source emit microwave radiation that excites 
interband transitions (f) in the detector. Solid lines in (c),(d) 
correspond to huj = SEa,b (light blue), Tiuj.j — SEc,d (dark 
blue), Tiujp_ = SEc,d, n — 3 (black), Tiujp_ — SEb, n — 2 
(green). Dashed lines: mixing products with the detector's 
self resonance (see text). 



how transitions C and D, which are nearly degenerate at 
Qdct = e, become distinct at Qdct = 0.9 e, which results 
in the splitting of the 'X'-shaped structures in Fig.[2fd). 
We do not observe transitions that are due to the L and 
R processes in the source. Note that the I — V character- 
istics of the detector (not shown) suggest that the device 
has a self-resonance with Ticu r ~ 80 /xeV, likely associ- 
ated with the geometry of its leads [26[ ; the dashed lines 
in Fig. [2^c,d) correspond to the mixing products of this 
mode with the incoming radiation. 

The magnitude of the ac voltage induced on the detec- 
tor by the radiation field, V ac , that is required to produce 
the observed enhancement 7 out of QP escape rates via 
processes C and D, can be estimated from perturbation 
theory J^: 7out = {eV ac ) 2 (Ej /?ujc,d) 2 /16h 2 T , where 
To = gtS/Anh is the spontaneous QP escape rate, g t is 
the dimensionless tunnel conductance and 5 is the island 
level spacing [27j]- With ojc,d ~ 160 GHz and the mea- 
sured escape rate enhancement, we estimate V ac to be on 
the order of 50 nV. 



The activation of the rate 7i n , Fig. [2jb), can be un- 
derstood along similar lines. Since the odd state of the 
transistor is energetically favorable, QP trapping is spon- 
taneous and 7; n is limited by the QP density in the de- 
tector 19]. Radiation with frequencies fiui > 2A 1; 2A2 
can break CPs and increase the QP density, leading to 
a faster 'poisoning' rate. Direct QP transitions are also 
possible if, for example, Ulo > Ai + A 2 — SE eo , where 
8E eo is the difference in electrostatic energy between 
the even and odd states. At voltages higher than 400 
//V, the QP current in the source becomes significant 
through transport mechanisms that include Josephson- 
quasiparticle cycles [24| , 3e processes [28| , and sequential 
QP tunneling. This current may contribute to broadband 
noise that appears to globally enhance both tunneling 
rates in the detector above T4 rc ~ 400 /iV. The individ- 
ual rates become unmcasurably fast when the source is 
biased above its superconducting gap edge; this was also 
observed in Ref. [8[ . 

While our model for the source-detector interactions 
does not explain all the features seen in Fig. [H^b-d), it 
does account for the positions of the most prominent ones 
with good agreement and with no adjustable parameters. 
We emphasize that although our experiment is sensitive 
only to radiation at the relatively high frequencies of QP 
transitions, much lower frequencies approaching those of 
a typical qubit level splitting can be produced at elec- 
trometer bias points close to resonant CP tunneling lines. 
The intensity of the emitted radiation can be calculated, 
in principle, by solving the master equation for the biased 
transistor 
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We further tested our interpretation of the data by 
studying the response of the detector to radiation with 
known frequency, applied by an external microwave gen- 
erator. We spectroscopically mapped the transition fre- 
quencies of the detector by finding Qdct at which the QP 
escape rate was enhanced for a given frequency f^ w of the 
generator. The inset in Fig.[3^a) shows a histogram of the 
reflected probe signal over a 20 ms window at Qdot = 1; 
the two peaks correspond to the two telegraph levels of 
the signal in the even and odd states. The intensity plot 
in the main panel of Fig. [3ja) represent a stack of these 
histograms, acquired at different Qdct values in the ab- 
sence of radiation. A similar plot is shown in Fig. [Hb) 
but with external radiation applied at f^ w — 44.75 GHz. 
At this frequency the weight in the histogram shifts from 
the odd to the even peak at a particular Q^ ct = 0.76 e. 
This shift in weight [dip in Fig. EJc)] , essentially an in- 
crease in Pcvcn, occurs at different values of Q^ ct for dif- 
ferent frequencies f^ w , as shown in Fig.[3jd). These val- 
ues are symmetric about odd-integer gate charges and are 
2e periodic. We found that the QP escape rate 7 out at 
*?dct g rows linearly with microwave power (not shown), 
as expected from perturbation theory for photon-assisted 
tunneling. 

If we now generate radiation by voltage-biasing the 
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frequency coupling between the devices. 
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FIG. 3: (color online). (a),(b) Histograms of the telegraphic 
reflected power vs. Qdet, (b) with and (a) without microwave 
irradiation; white lines: the time-averaged reflected power 
(P rc f). The inset in (a) shows the histogram at Qdet = e. (c) 
Difference in the averaged reflection, <5(P re f) (d) Location of 
the dip in <5{P rc f) vs. microwave frequency (e) <5{P rc f) 

as a function of Qdet, for source voltages 2eV sr c = hf^ w at 
Qsrc = 0.5e (data offset for clarity). Diamonds: Qdet(f^w) 
data of panel (d). 



source SCPT in place of the external generator and re- 
peat the above measurements, the enhancement of the 
detector even-state probability should follow the same 
Qdet (//«") dependence of Fig. 03Jd), where now the mi- 
crowave frequency is given by hf^ w = 2eV r src (Joseph- 
son radiation) . The results of this experiment are shown 
in Fig. Efe), where we have plotted the time-averaged 
reflected probe signal, relative to the 'dark' response, 
for a set of source voltages chosen to coincide with 
the frequencies in [3]Jd) . We see excellent agreement in 
Qdet(ff>w) — the detector response to microwave radia- 
tion, whether its origin is Josephson radiation from the 
source device or external monochromatic microwave sig- 
nal. 

To conclude, we have detected narrow-band microwave 
radiation emitted by a voltage-biased SCPT electrome- 
ter by use of a nearby QP tunneling detector. We have 
identified the QP transition frequencies in the detector, 
and the emission processes in the electrometer — these in- 
clude the usual Josephson radiation, as well as radiative 
cascade processes. The radiation emitted by the elec- 
trometer, when coupled to other devices on the chip, may 
not only assist QP transitions as observed here, but also 
excite charge traps, defects, or higher energy levels in 
the device, effectively interfering with its proper opera- 
tion. Therefore, we argue, care should be taken when 
using a biased SCPT for qubit readout in choosing the 
electrometer operating point and in engineering the high 
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